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Abstract
Cell locomotion requires rapid growth of cortical actin filaments whose barbed ends are capped in the resting cell.
 .Phosphatidylinositol-4,5-bisphosphate PIP may play a critical role as an intracellular messenger in cytoskeletal rearrange-2
ment after stimulation. We have examined the effects of PIP micelles on the Ca2q-independent actin filament capping2
activity in high speed supernatants of neutrophil lysates which we had previously demonstrated to be almost entirely due to
capping protein-b , a homologue of cap Z. High concentrations of PIP totally prevented the capping of exogenous2 2
spectrin-F-actin seeds by dilute supernatants of neutrophil extracts. Capping could also be inhibited, albeit less effectively,
by PIP and PI, but not by other phospholipids.
When incubated with filaments in the absence of supernatant, PIP increased the number of growing ends. PIP also2 2
uncapped previously capped actin filaments, as demonstrated by incubating supernatant-capped and uncapped seeds with
and without PIP and then comparing the initial elongation rates after addition of pyrenyl-G-actin. Incubation of capped2
seeds with high concentrations of PIP increased the number of free barbed ends to a level comparable to that of the2
uncapped seeds exposed to PIP . PIP caused uncapping to occur too quickly to be explained simply by the off-rate of2 2
capping protein-b , implying that PIP interacted directly with capping protein on the filament ends. In fact, PIP2 2 2
transiently uncapped capped seeds in the presence of excess free capping protein.
From our data, we estimate that millimolar concentrations of PIP almost 100-fold higher than the amount predicted2
.from the effective concentration in purified systems would be required to inhibit all the capping protein-b in the cytosol.2
This discrepancy probably results, in large part, from sequestration of PIP by other PIP -binding proteins in the cytoplasm.2 2
If PIP mediates differential cytoskeletal growth after chemoattractant stimulation in vivo, very high concentrations may be2
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required subjacent to the plasma membrane for regional severing and uncapping of actin filaments to occur quickly near the
perturbed membrane. q 1997 Elsevier Science B.V.
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1. Introduction
Cell motility and phagocytosis involve the rapid
and cytochalasin-inhibitable polymerization of actin
w x1–8 . However, it appears that most of the barbed
ends of actin filaments are capped in the resting
w xneutrophil 8–10 . Presumably, chemoattractants ex-
cite the cell membrane leading to the release of
intracellular messengers which decrease the capping
activity of cytosolic actin binding proteins and create
w xfree barbed ends 4,11,12 .
Over the last decade, the role of phosphatidylinosi-
 .tol-4,5-bisphosphate PIP as a potentially important2
second messenger regulating cell locomotion has re-
ceived increasing support. PIP micelles can elimi-2
nate the severing action and reduce the nucleating
w xactivity of purified gelsolin 13 . If gelsolin is incu-
bated with PIP and then allowed to nucleate actin2
filament growth, the chelation of calcium by ethylene
 . X Xglycol-bis b-amino-ethyl ether N, N, N , N -tetra-
 .acetic acid EGTA is sufficient to remove gelsolin
from the barbed filament end, an effect EGTA does
w xnot exert in the absence of PIP 14 .2
We had previously demonstrated that the Ca2q-in-
dependent capping activity that remains in high speed
supernatants from neutrophil lysates is due almost
entirely to capping protein-b , an ubiquitous homo-2
w xlogue of cap Z 15 . PIP can prevent capping of actin2
filaments by purified muscle cap Z. Although it has
been suggested that PIP can also uncap filaments2
w xpreviously capped with cap Z 16 , these data are
inconclusive and perhaps best interpreted as showing
that PIP can prevent further capping of actin fila-2
ments even if added after the elongation process has
w xbegun 17 .
Recently, using platelets gently permeabilized with
 . w xn-octyl-b-glucopyranoside OG , Hartwig et al. 12
have demonstrated that PIP increases the number of2
free barbed filament ends. Similar results were ob-
served with the sedimented cytoskeletons. Interest-
ingly, even at maximal doses of PIP , the number of2
filament ends increased less than fourfold, amounting
to a relatively small absolute change if the large
majority of barbed ends are capped in unstimulated
w xplatelets 18 .
In the experiments described here, we investigated
the role of PIP in modulating the capping activity of2
high speed supernatants of neutrophil lysates. The
analysis of filament growth in the context of the
complex regulatory activities present in cytosolic ex-
tracts could provide biologically relevant insights
which complement the study of isolated actin binding
proteins. Our data suggest that high concentrations of
PIP can not only prevent the capping of exogenous2
actin seeds by high speed supernatants from neu-
trophil lysates, but will also rapidly uncap seeds that
had previously been capped by supernatants. Surpris-
ingly, PIP also appears to cut actin filaments. If very2
high local concentrations of PIP are generated in2
vivo, our observations may be germane to the regula-
tion of barbed-end growth from submembranous actin
filaments after stimulation.
2. Materials and methods
2.1. Procurement of rabbit neutrophils
Neutrophils were obtained from rabbit peritoneal
w xexudates, as described by Sullivan and Zigmond 19 ,
except that the animals were sedated with 0.02 mgrkg
of acepromazine maleate Germenta, Kansas City,
.MO 20 min prior to handling.
2.2. Preparation of neutrophil lysates
Neutrophils were resuspended at 1–3 = 108
cellsrml in a buffer containing 10 mM Hepes, 2 mM
MgCl , 150 mM KCl, 5 mM EGTA, 2 mM potas-2
sium phosphate, 10 mM b-glycerol phosphate, 0.2
 .mM dithiothreitol DTT , 5 mM ATP, brought to pH
7.2 with NaOH. Just before lysis, a ‘cocktail’ of
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protease inhibitors with final concentrations of 1 mM
 .phenylmethylsulfonyl fluoride PMSF , 1 mgrml le-
upeptin, 1 mgrml benzamide, 10 mgrml aprotinin
and 10 mgrml TAME–HCl was added. Nitrogen
cavitation may release fewer lysosomal enzymes than
w xdetergent lysis 20 . Cells were incubated on ice in a
Parr bomb at 350 psi of N for 15 min before2
pressure was released. Bombed lysates were immedi-
ately spun for 20 min at 80 000 rpm in a Beckman
L-100 ultracentrifuge and the supernatant collected.
Supernatants were stored frozen at y808C. Typi-
cally, high speed supernatants made from cells
bombed at 1=108 cellsrml had a protein concentra-
tion of 2 mgrml.
2.3. Preparation of pyrenyl-G-actin
Actin was purified from acetone powder extracted
from the skeletal muscle of New Zealand white rab-
w xbits by the method of Spudich and Watt 21 .
Pyrenyl-G-actin was prepared from rabbit skeletal
w xmuscle actin as described by Murray et al. 22 . The
pyrenyl-G-actin was applied to a Sephacryl S-200
 .Pharmacia, Piscataway, NJ gel filtration column
and then maintained in a storage buffer, containing 5
mM triethanolamine, 0.3 mM CaCl , 0.68 mM ATP,2
 .0.1 mM ethylenediaminetetraacetic acid EDTA ,
0.02% NaN , pH 7.5, at 48C. The critical actin3
monomer concentration varied between 0.13–0.2
mM. F-actin seeds were made by polymerizing
pyrenyl-G-actin in assay buffer, which contained 25
mM Tris–HCl, 138 mM KCl, 2 mM MgCl , 1 mM2
EGTA and 1 mM ATP, pH 7.4, for 3 h at room
temperature.
2.4. Preparation of spectrin-F-actin seeds
Spectrin-F-actin seeds provided a stable and quan-
titatively reproducible source of nuclei for actin elon-
gation. Spectrin-F-actin seeds were prepared as de-
w x w xscribed by Casella et al. 23 and DiNubile et al. 15 .
2.5. Preparation of gelsolin-F-actin seeds
Plasma gelsolin was isolated from rabbit serum
 .Life Technologies, Gaithersburg, MD as described
w xby Cooper 5 . Gelsolin-F-actin seeds were prepared
by copolymerizing 100 nM gelsolin with 6 mM
pyrenyl-G-actin in a modified assay buffer with 0.2
mM CaCl but without EGTA for 2 h at room2
temperature. Seeds were stored at 48C until use.
2.6. Preparation of capped and uncapped seeds
Spectrin-F-actin seeds were incubated with
pyrenyl-G-actin in assay buffer at room temperature
for at least 15 min. Supernatant from bombed neu-
trophil extracts was added to ‘capped’ seeds; an
equivalent volume of assay buffer was added to
‘uncapped’ seeds. The volumes of the various
reagents were adjusted for individual experiments.
The actual degree of capping of the ‘capped’ seeds
ranged from 50–100% under different conditions.
Seeds were stored at 48C until use.
To insure that the number of filament seeds was
the same at steady state whether prepared with or
without supernatant, both types of seeds were incu-
bated with 2 mM cytochalasin B Sigma, St. Louis,
.MO for 2 min and then used as nuclei; identical
elongation rates implied that the number of pointed
ends, and therefore the number of filament seeds,
were the same under both conditions of preparation.
2.7. Preparation of phosphatidylinositol-4,5-bisphos-
phate and other phospholipids
 .Phosphatidylinositol-4,5-bisphosphate PIP , pur-2
 .chased from Sigma St. Louis, MO , was dissolved in
deionized–distilled water at 1 mgrml or 1 mM and
immediately sonicated on ice at maximum power for
3–4 min using an ultrasonic cell disrupter. Working
aliquots were frozen using liquid nitrogen and stored
at y708C. Immediately before use, PIP was thawed2
under warm tap water and sonicated on ice at maxi-
mum power for 1 min.
 .Phosphatidylinositol-4-monophosphate PIP ,
 .  .phosphatidylinositol PI , phosphatidylserine PS ,
 .  .phosphatidylcholine PC and phosphatidic acid PA ,
 .purchased from Sigma St. Louis, MO , were dis-
solved in deionized–distilled water at a concentration
of 1 mgrml and then sonicated on ice at maximum
power for 4 min using an ultrasonic cell disrupter.
The samples were kept on ice until immediately
before use, at which time they were again sonicated
on ice at maximum power for 1 min.
Phosphatidylinositol-specific phospholipase C
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 .PLC in triethanolamine buffer, containing 50 mM
triethanolamine, 10 mM EDTA, 10 mM sodium azide,
pH 7.5, obtained from Boehringer Mannheim Corp.
 . Indianapolis, IN , was used to hydrolyze PIP by2
the manufacturer’s specifications, 1 unit of PLC could
hydrolyze 1 mM phosphatidylinositol per min at
378C in a triethanolamine buffer at pH 7.2–7.5 with-
w x.out divalent metal ions 24 . Control samples for the
PLC experiments contained an equivalent volume of
50 mM Tris–HCl, pH 7.4.
2.8. Actin elongation assay
The elongation rate of pyrenyl-G-actin from spec-
trin-F-actin seeds in the presence and absence of
.neutrophil supernatants in assay buffer was deter-
mined from the change in pyrenylactin fluorescence
 .excitation at 370 nm; emission at 410 nm in a
Perkin-Elmer LS5 fluorimeter. Fluorescence readings
were zeroed by subtracting the fluorescence of
pyrenyl-G-actin before polymerization. Fluorescence
units were converted to F-actin concentrations by
multiplying the fluorescence at any time t by the
total actin concentration minus the critical concentra-
tion divided by the fluorescence at steady state.
 .The number of free barbed ends in arbitrary units
at any time t was derived by dividing the elongation
rate i.e. the change in pyrenylactin fluorescence
 ..from t to tq1 min by the remaining amount of
w xpolymerizable G-actin at time t 15 . The concentra-
tion of polymerizable G-actin at time t was calcu-
lated from the difference between the pyrenylactin
fluorescence of the sample at time t and the steady
state fluorescence of the corresponding control sam-
ple after overnight incubation at room temperature.
Whereas the number of barbed ends free in the
control sample containing neither supernatant nor
.PIP was essentially constant over the time course of2
polymerization, the number of growing barbed ends
in samples containing supernatant decreased over
time until its plateau at steady state. The percent of
barbed ends capped by a given concentration of
supernatant was determined from the ratio of the
number of growing barbed ends in the presence of
that amount of supernatant once steady state capping
had been achieved compared to the number of grow-
ing barbed ends in the corresponding control sample.
3. Results
3.1. PIP at concentrations that inhibit the effects of2
purified capping proteins did not pre˝ent capping by
dilute neutrophil supernatant after comparable incu-
bation times
Others have shown that 2.7 mM PIP totally pre-2
vented the capping of actin filaments by 62 nM
purified cap Z when incubated for 2–3 min at 2=
w xfinal concentrations 16 . Similar results have been
found with purified human neutrophil capping protein
w x25 , where ;10 mM PIP almost eliminated the2
activity of 32 nM capping protein-b . We examined2
the effects of these concentrations of PIP on the2
capping activity of high speed supernatants from
neutrophil lysates. 2.5 ml supernatant from cells
8 bombed at 1=10 cellsrml estimated to contain
-1 nM capping protein-b after dilution to a final2
.volume of 1 ml inhibited the rate of elongation of
pyrenyl-G-actin from spectrin-F-actin seeds by ap-
proximately 76%. PIP at a final concentration of 252
mM was incubated with and without 2.5 ml super-
natant in 0.9 ml assay buffer for 1 min at room
temperature before 1.5 mM pyrenyl-G-actin and 10
ml spectrin-F-actin seeds were added to bring the
final volume to 1 ml. Elongation rates were compared
in the presence and absence of supernatant and PIP .2
Unlike the results reported with purified capping
proteins, 25 mM PIP had no discernible effect on2
 .the capping activity of the supernatant Fig. 1 . In-
stead, the addition of PIP slightly slowed the in-2
crease in fluorescence to the same degree in samples
with and without supernatant. Analogous experiments
using up to 100 mM PIP decreased the capping2
activity of this amount of supernatant less than 40%.
Possible explanations for the discrepancy between
our results using cell supernatant and others’ work
 .with purified capping proteins include: 1 PIP was2
‘exhausted’ by other PIP -binding proteins in the2
 .supernatant; 2 insufficient time was allowed for
PIP to bind capping protein-b at low concentra-2 2
 .tions; 3 the affinity of PIP for capping protein-b2 2
as it exists in cell extracts was less than for purified
 .capping proteins andror 4 the stacking number in
our PIP micelles was not the same as those prepared2
by others, despite the similar concentration of PIP .2
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With regard to this last possibility, experiments using
our PIP micelles to inhibit filament severing by2
purified gelsolin yielded quantitatively similar results
w xto those reported by Janmey and Stossel 13 .
3.2. Capping acti˝ity could be eliminated by incubat-
ing much higher concentrations of supernatant and
PIP2
We effectively increased the concentration of both
supernatant and PIP by incubating the same ratio of2
PIP to supernatant in -0.1 of the final volume for 12
min before bringing to 1 ml with assay buffer. 2.5 ml
supernatant was treated with 834 mM PIP for 1 min2
at room temperature before being diluted to 25 mM
with assay buffer. As shown in Fig. 1, pre-incubation
of supernatant with PIP at these high concentrations2
quickly eliminated its capping activity measured after
dilution. Qualitatively similar results were obtained
whether samples were incubated in buffers containing
 .  .low 0.17 mM or high 2 mM MgCl concentra-2
 .tions see Fig. 2A for data with 2 mM MgCl . In the2
absence of spectrin-F-actin seeds, supernatants treated
with PIP were not able to nucleate pyrenyl-G-actin,2
indicating that the increase in elongation rate with
PIP did not involve deactivating inhibitors of nucle-2
ation in the supernatant.
3.3. PIP had a limited capacity to sequester capping2
protein
Dose–response plots varying both supernatant and
PIP concentrations demonstrated that the inhibition2
of capping by PIP was limited by the amount of2
PIP . For each concentration of PIP shown in Fig.2 2
2A, a roughly proportional amount of capping activ-
ity was eliminated; once the amount of supernatant
exceeded the binding capacity of the available PIP ,2
Fig. 1. ‘High’ concentrations of PIP were necessary to inhibit capping activity of neutrophil supernatant. 2.5 ml supernatant from cells2
8  .  .bombed at 10 per ml were incubated with 27.5 ml of 1 mgrml PIP for 1 min with open diamonds or without open triangles dilution2
into 0.92 ml assay buffer. Before measuring fluorescence, 1.5 mM pyrenyl-G-actin and 10 ml spectrin-F-actin seeds were added to a final
volume of 1 ml assay buffer. The final concentration of PIP was 25 mM for both the dilute and concentrated incubation conditions.2
 .  .  .Controls containing supernatant alone closed squares , PIP alone open circles , or neither closed circles were also run. Since the2
curves were essentially identical for samples with PIP alone and samples with neither supernatant nor PIP under both incubation2 2
conditions, the averages for each incubation condition are shown; error bars indicate the range. To assess whether PIP could nucleate2
actin polymerization in the presence or absence of supernatant, the protocol was modified to a 3 min incubation period of 2.5 ml
supernatant with 50 ml of 0.5 mM PIP . No spectrin-F-actin seeds were added. Fluorescence units were converted to F-actin2
concentrations as described in Section 2.
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the dose–response curves resembled that without PIP2
as well as each other, except for being displaced
further to the right with increasing concentrations of
PIP . The capping activity of a fixed amount of2
supernatant decreased linearly with increasing con-
 .centrations of PIP Fig. 2A insert . The binding2
capacity of PIP for capping protein-b determined2 2
the amount of capping protein-b that was se-2
questered by PIP , consistent with binding being2
stoichiometrically, and not affinity, limited.
Since the molar ratio of PIP to supernatant was2
constant under both the incubation conditions de-
scribed in Fig. 1, the failure of PIP to inhibit capping2
when incubated with supernatant at low concentra-
tions could not simply be due to the sequestration of
PIP by other PIP -binding proteins present in the2 2
supernatant. The differences between the two incuba-
tion conditions could be explained by the apparent
kinetics of PIP binding to capping protein-b . As2 2
long as the capacity of PIP to bind capping protein-b2 2
was not exceeded, the incubation of either 100 mM
PIP for 1 min or 10 mM PIP for 10 min with the2 2
same concentration of supernatant resulted in equiva-
lent inhibition of capping. These results are consistent
with a slow apparent k for the binding of PIP toon 2
capping protein-b in the supernatant, so that at low2
concentrations, steady state had not yet been achieved
after short incubation periods. Such results would be
 .Fig. 2. A Inhibition of capping by PIP was stoichiometrically2
limited. Various amounts of supernatant from neutrophil lysates
bombed at 3=108 cellsrml were incubated with several concen-
trations of PIP in 100 ml assay buffer for 1 min at room2
temperature. The concentrations of PIP during incubation were2
as indicated. Samples were then diluted 1:10 with 0.9 ml assay
buffer containing 0.8 mM pyrenyl-G-actin; 10 ml spectrin-F-actin
seeds were added, and the elongation rate was measured over
time. The graph shows the percent of barbed ends capped by
different amounts of supernatant after capping had reached steady
state in the presence of various concentrations of PIP . Percent-2
ages were calculated by comparing samples with supernatant and
 .PIP to controls with comparable amounts of PIP . A insert2 2
PIP prevented capping in a concentration-dependent manner.2
Various concentrations of PIP were added to 0.5 ml supernatant2
from neutrophils bombed at 3=108 cellsrml and incubated in
100 ml assay buffer for 1 min. Samples were diluted in assay
 .buffer, pyrenyl-G-actin and seeds as discussed in A . The graph
shows the percent of capped ends versus the concentrations of
 .PIP during incubation. B PIP was the most effective phospho-2 2
lipid in inhibiting capping by supernatant. All phospholipids were
dissolved in deionized–distilled water at 1 mgrml, then soni-
cated for 4 min and stored on ice. Phospholipids were again
sonicated on ice for 1 min before use. 1 ml supernatant from
neutrophils bombed at 3=108 cellsrml was incubated with 22
ml of phospholipids in 100 ml assay buffer for 2 min before
diluting to 1 ml assay buffer with 1 mM pyrenyl-G-actin and 3
ml spectrin-F-actin seeds. 11 ml PIP was also incubated with 12
 X .  .ml supernatant for 1 min 0.5=PIP and 2 min 0.5=PIP at2 2
room temperature. The number of barbed ends that were not
capped by supernatant after steady state capping had been reached
was compared to the number of barbed ends in the corresponding
control sample without supernatant but with the same amount of
the specific phospholipid. The graph shows the percent of barbed
ends that were not capped by the supernatant in the presence of
various phospholipids. The control sample without phospholipids
 .‘none’ was run in triplicate; the mean"the range is shown.
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expected if the ‘effective’ concentration of PIP , i.e.2
the PIP not sequestered by other PIP -binding pro-2 2
teins in the supernatant, was much lower than the
amount of PIP added. As expected, we could negate2
the inhibition of capping by PIP by adding exoge-2
nous purified gelsolin to supernatants in the absence
of calcium.
3.4. PIP was the most potent phospholipid at in-2
hibiting capping by supernatant
 .When equal amounts 22 mg of different phos-
 .pholipids 1 mgrml were incubated with 1 ml su-
pernatant for 2 min at room temperature in 100 ml
assay buffer, PIP was the most potent inhibitor of2
 .capping Fig. 2B . Phosphatidylinositol-4-monophos-
 .  .phate PIP and phosphatidylinositol PI also de-
creased the amount of capping, but even when super-
 .natant was incubated with 0.5= PIP 11 mg for2
only 1 min, the inhibition of capping by PIP still2
exceeded the effects of the higher concentrations of
 .PIP and PI. Phosphatidylserine PS , phosphatidyl-
 .  .choline PC and phosphatidic acid PA did not
inhibit capping at all.
3.5. The inhibition of capping protein-b by PIP in2 2
concentrated solutions was stable after greater than
tenfold dilution
The stability of the inhibition of capping activity
by PIP could be assessed by performing depolymeri-2
zation assays on the filaments previously polymer-
ized with or without supernatant and PIP . Filaments2
copolymerized overnight with or without supernatant
and PIP were further diluted 1:10 in assay buffer to2
determine the rate of depolymerization. Initial de-
polymerization rates would be roughly proportional
to the number of free barbed ends. Whereas uncapped
filaments could depolymerize from both barbed and
pointed ends, capped filaments could only depoly-
merize from the latter. Because the off-rate at the
pointed end is slower than at the barbed end, capped
filaments would be expected to depolymerize much
less rapidly than uncapped filaments.
The inhibition of capping activity appeared to be
stable overnight despite a greater than tenfold dilu-
tion of the initial incubation conditions. Supernatant
was first incubated for 1 min with 100 mM PIP and2
then diluted to 10 mM in the presence of spectrin-F-
Fig. 3. Filaments copolymerized with PIP and supernatant depolymerized faster than those treated with supernatant alone. Actin2
 .  . 8polymerized overnight in the presence squares or the absence circles of 2.5 ml supernatant from neutrophil lysates bombed at 10
 .  .cellsrml with open symbols or without closed symbols a final concentration of 10 mM PIP were diluted 1:10 in assay buffer the next2
day. The rate of depolymerization was then immediately determined by the decrease in fluorescence over time. Fluorescence at time was0
set as 100.
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actin seeds and pyrenyl-G-actin to copolymerize
overnight. Fig. 3 shows the rate of depolymerization
of these filaments the next day, immediately after
another 1:10 dilution. As expected, uncapped fila-
ments depolymerized at a faster rate than filaments
capped with supernatant. Filaments that were treated
with supernatant and PIP depolymerized at the same2
rate as filaments treated with PIP alone, indicating2
 .that capping protein s still had not bound to barbed
ends despite the lowered concentration of PIP2
overnight. In fact, filaments copolymerized with su-
pernatant treated with PIP at high concentrations,2
then diluted after 1 min and stored for almost two
weeks at room temperature remained uncapped de-
spite persistent capping in the absence of PIP . The2
stable inhibition of capping by PIP after dilution was2
consistent with steady state having been rapidly ap-
proached by incubating the supernatant with PIP at2
high concentrations for 1 min before dilution.
Both supernatant-capped as well as uncapped fila-
ments treated with PIP disassembled more quickly2
than filaments not exposed to PIP . This surprising2
observation raised the intriguing question whether
PIP could independently increase the number of2
 .ends, perhaps by cutting actin filaments see below .
3.6. Phosphatidylinositol-specific phospholipase C
re˝ersed some of the inhibition of capping by PIP2
The inhibition of capping by PIP was stable over2
10 days of storage at room temperature. PIP could2
simply have sequestered capping protein-b or pro-2
moted a chemical modification that lowered the affin-
ity of capping protein for barbed ends even after its
dissociation from PIP . Reversal of the inhibition of2
capping by enzymatic hydrolysis of PIP would im-2
ply that the mechanism involved competitive binding
of capping protein-b by PIP over barbed ends.2 2
Fig. 4 shows the depolymerization rates of fila-
ments after overnight copolymerization of pyrenyl-
G-actin, supernatant and PIP . When phosphatidyli-2
 .nositol-specific phospholipase C PLC was added
for 2 h at 378C, the inhibition of capping by PIP was2
substantially reversed, consistent with the simple se-
questration model. In the absence of PIP , PLC did2
not increase the capping activity in the supernatant, a
Fig. 4. PLC paratially reversed the inhibition of capping by PIP . 100 ml of samples, prepared as described in Fig. 1 where high2
 .concentrations of PIP were used uncapped, circle; capped, square; cappedqPIP , triangles , were incubated for 2 h at 378C with2 2
 .  .  .closed triangle or without open triangle 0.3 unit of PLC 4.9 ml . 0.9 ml assay buffer was then added to each sample. The rate of
depolymerization was immediately determined. Fluorescence at time was set as 100. For clarity, a control sample containing PIP0 2
without supernatant is not shown in this figure. PLC did not increase the capping activity in the supernatant in the absence of PIP .2
( )M.J. DiNubile, S. HuangrBiochimica et Biophysica Acta 1358 1997 261–278 269
 .Fig. 5. A Incubation of PIP with actin filaments, but not with actin monomers, increased the elongation rate. Various concentrations of2
PIP were incubated with 20 ml of 3 mM pyrenyl-F-actin in 25 ml volume or 5 mM pyrenyl-G-actin in 100 ml volume at room2
temperature for 4 min. Fluorescence readings were taken after adding 1 mM pyrenyl-G-actin to filaments or 3 ml spectrin-F-actin seeds to
monomers in a final volume of 1 ml assay buffer. The initial elongation rates relative to the rate without PIP are plotted versus the2
 .concentrations of PIP during incubation. B PIP severed filaments precapped by gelsolin. 10 ml gelsolin-F-actin seeds were incubated2 2
 .  .at room temperature with open circles and without closed circles 50 mM PIP in 50 ml assay buffer for 1 min. Fluorescence readings2
were taken immediately after diluting gelsolin-F-actin seeds to a final concentration of 0.06 mM with 0.95 ml modified assay buffer
containing no EGTA and 200 mM CaCl . Gelsolin-F-actin seeds treated with PIP depolymerized at a faster rate than those not exposed2 2
to PIP . Fluorescence at time was set as 100. Smooth curves were drawn by Cricket Graph 1.3.2. These data are representative of 32 0
 .similarly designed independent experiments. C The elongation rate of filaments preincubated with PIP was faster than filaments not2
 .exposed to PIP , even in the presence of cytochalasin B. 50 ml spectrin-F-actin seeds was pre-incubated with circles or without2
 .squares 50 mM PIP for 4 min at room temperature in 100 ml assay buffer before dilution to 1 ml with assay buffer containing 2 mM2
 .cytochalasin B. After another 2 min, 1.2 mM pyrenyl-G-actin was added and the fluorescence was followed over time. D PIP was the2
most potent phospholipid in severing actin filaments. All phospholipids were dissolved in deionized–distilled water at 1 mgrml, then
sonicated for 4 min and stored on ice. Phospholipids were again sonicated on ice for 1 min before use. 20 ml of 3 mM F-actin seeds were
incubated with 5.5 ml of phospholipids in 25.5 ml of 0.8=assay buffer for 4 min before diluting to 1 ml assay buffer with 1 mM
pyrenyl-G-actin. The initial elongation rates relative to the rate without phospholipids are plotted for the various phospholipids. The
 .control sample without phospholipids ‘none’ was run in duplicate; the mean" the range is shown.
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finding which excludes a direct effect of PLC on the
capper.
3.7. PIP increased the number of free barbed ends2
e˝en in the absence of supernatant
The faster depolymerization rates of filaments
 .treated with PIP Fig. 3 could be explained if PIP2 2
could sever actin filaments. Severing of filament
seeds by PIP would increase the initial rate of2
polymerization upon the addition of pyrenyl-G-actin.
Fig. 5A depicts the roughly linear increase in the
initial elongation rate when actin filament seeds were
preincubated with increasing concentrations of PIP2
for 4 min at room temperature before diluting in
assay buffer containing 1 mM pyrenyl-G-actin.
The number of growing barbed ends remained
constant over time in control samples containing
neither PIP nor supernatant for example, see the2
.control data in Fig. 8 , suggesting that our actin
preparations were not contaminated with a significant
amount of capping proteins. Nevertheless, we per-
formed three types of control experiments designed
to exclude the possibility that the putative cutting
effects of PIP were confounded by the presence of2
w xcapping proteins in our actin preparations 26 . First
we incubated pyrenyl-G-actin with 50–200 mM PIP2
in a low ionic strength buffer at room temperature for
 .4 min. If cappers or monomer binders present in the
actin preparation were being inactivated by PIP , the2
elongation rate for actin incubated with PIP would2
be expected to exceed that for actin not exposed to
PIP . 200 mM PIP had nearly doubled the elonga-2 2
tion rate when incubated with filament seeds, but did
not significantly increase the elongation rate when
 .incubated with monomeric actin Fig. 5A . The num-
ber of growing barbed ends remained constant in all
of the PIP -treated samples as well as the control2
sample without PIP over the 20 min course of this2
experiment. Similar negative results were obtained
Fig. 6. Incubation with 100 mM PIP increased the elongation rate from capped seeds. F-actin seeds were prepared as described in2
 .  .Section 2, using supernatant from neutrophil extracts as a source of capping protein-b . 20 ml capped squares or uncapped circles2
 .  .seeds were incubated at room temperature for 2 min with open symbols or without closed symbols 100 mM PIP in 100 ml assay2
buffer. 0.9 ml assay buffer containing 1.2 mM pyrenyl-G-actin was then added to the samples. The elongation rates were adjusted for the
 .remaining concentration of polymerizable G-actin at each time point see Methods , yielding the number of growing barbed ends in
arbitrary units. Curves were smoothed over 3 time points by Cricket Graph version 1.3.2. The dotted line represents the predicted number
of barbed ends if PIP simply cut filaments in the samples containing capped seeds. The predicted values were calculated by adding the2
difference between the number of growing ends in uncapped seeds with and without PIP to the number of free ends on capped seeds not2
exposed to PIP .2
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with 40 and 100 mM PIP incubated with pyrenyl-2
G-actin in assay buffer. These findings indicate that
the increase in elongation rate seen when F-actin was
exposed to high concentrations of PIP was not due2
to inactivation of cappers contaminating our actin
preparation. Next we examined the rate of depolym-
erization of filaments precapped by gelsolin. Once
bound to the barbed ends in the presence of calcium,
gelsolin cannot be quickly or easily removed from
w xthe filament by PIP 12,13,27 . Gelsolin-F-actin seeds2
were incubated for 1 min at room temperature with
and without 50 mM PIP in 50 ml modified assay2
buffer containing 200 mM CaCl and no EGTA2
before being diluted to 1 ml in the same buffer.
PIP -treated gelsolin seeds depolymerized at a signifi-2
 .cantly faster rate than untreated seeds Fig. 5B ,
suggesting that severing of these filaments by PIP2
had occurred. Lastly we incubated F-actin seeds with
and without 50 mM PIP for 4 min at room tempera-2
ture before diluting into assay buffer containing 2
mM cytochalasin B. After another 2 min incubation,
1.2 mM pyrenyl-G-actin was added. Since all barbed
ends would presumably be capped by cytochalasin B
even in the presence of 5 mM PIP , elongation from2
the pointed ends could then be measured. Any con-
tamination of our actin preparation with barbed-end
capping proteins would not confound estimates of
PIP ’s severing effect under these conditions. The2
pointed end elongation rate was increased from fila-
 .ment seeds incubated with 50 mM PIP Fig. 5C ,2
implying again that PIP actually increased the num-2
ber of filaments.
The severing activity for various phospholipids are
shown in Fig. 5D. When 5.5 mg of each phospholipid
was incubated with 20 ml of 3 mM F-actin seeds in
25 ml of 0.8=assay buffer, PIP had the most potent2
Fig. 7. Capped filaments were uncapped by PIP too quickly to be explained by the off-rate of the capper. F-actin seeds were prepared as2
described in the Methods section, using supernatant from neutrophil extracts as a source of capping protein-b . 25 ml capped or uncapped2
seeds were diluted into 100 ml assay buffer with or without 100 mM PIP . Immediately after this fourfold dilution, 50% of the barbed2
ends of the capped seeds were actually capped. Following incubation under these conditions at room temperature for 2 min, 0.9 ml assay
buffer containing 0.6 mM pyrenyl-G-actin was added to the samples. The crude elongation rates were adjusted for the remaining
 .concentration of polymerizable G-actin at each time point see Section 2 , yielding the number of growing barbed ends in arbitrary units.
 .The ratio of free barbed ends in the capped seeds relative to the uncapped seeds was calculated for the conditions with open squares and
 .without closed squares PIP . The zero time point measured immediately after the tenfold further dilution gave an estimate of the amount2
of uncapping during the incubation phase, while the slopes of the lines represented the time course of uncapping at a 1:40 dilution of the
initial seed concentration. Curves were smoothed over 3 time points by Cricket Graph version 1.3.2. These data are representative of 4
similarly designed independent experiments. Dilution in the absence of PIP caused only a trivial amount of uncapping over the time2
period examined here.
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severing activity. The same concentrations of PIP or
PI showed less than half the cutting activity of PIP .2
Other phospholipids did not sever actin filaments.
Measurement of the elongation rate of the control
 .sample ‘none’ was reproducible; the two control
rates shown in the figure differed by only 2%. The
experiments with different phospholipids also served
as further controls for filament breakage during pipet-
ting.
3.8. PIP uncapped actin filaments pre˝iously capped2
by supernatant
To this point, we have examined the effects of
PIP in severing filaments and inhibiting capping by2
capping protein-b . The cutting of actin filaments2
itself would generate free barbed ends, but could PIP2
directly uncap filaments previously capped by super-
natant? To address this issue, pyrenyl-G-actin was
polymerized from spectrin-F-actin seeds with and
without supernatant to create ‘capped’ and ‘uncapped
seeds’, respectively. The actual degree of capping of
the ‘capped seeds’ varied with different preparations,
as shown in the individual experiments. In the pres-
 .ence of 2 mM cytochalasin B CB , the elongation
rates from both types of seeds were identical, con-
firming that the number of pointed ends, and there-
fore the number of seeds, were the same under both
conditions.
The uncapping effect of PIP was assessed by2
incubating capped and uncapped seeds with and with-
out 100 mM PIP for 2 min at room temperature. As2
seen in Fig. 6, PIP increased the apparent number of2
growing barbed ends in the absence of supernatant
when compared to uncapped seeds not exposed to
PIP , but this relatively small increase could not2
account for the much greater increase seen in the
number of free barbed ends when capped seeds were
treated with PIP . Thus, it appeared that PIP un-2 2
capped filaments that had already been capped by
supernatant, allowing more barbed ends to elongate.
Filaments uncapped by PIP in a similar experiment2
Fig. 8. PIP uncapped supernatant-capped seeds before significantly cutting filaments or completely sequestering free capping protein.2
F-actin seeds were prepared as described in Section 2, using supernatant from neutrophil extracts as a source of capping protein-b . 50 ml2
 .  .capped squares or uncapped circles seeds were diluted into a final volume of 1 ml Assay Buffer containing 0.6 mM pyrenyl-G-actin
 .  .with 100 mM PIP open symbols or the same volume of deionized-distilled water closed symbols . Accordingly, the four curves2
 .  .represent uncapped seeds treated with PIP open circles , uncapped seeds not exposed to PIP closed circles , capped seeds treated with2 2
 .  .PIP open squares , and capped seeds not exposed to PIP closed squares . The elongation rates were converted to number of free2 2
barbed ends as described in Section 2; curves were smoothed over 3 time points and drawn by Cricket Graph version 1.3.2. Despite the
presence of excess capping protein, PIP uncapped previously capped barbed ends before significant cutting could occur. The new free2
barbed ends generated by the uncapping and cutting effects of PIP were gradually recapped.2
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did not become recapped after 3 days of storage at
room temperature.
3.9. Uncapping by PIP occurred too quickly to be2
explained by the off-rate of capping protein after
dilution
Does PIP interact directly with the capping pro-2
tein on the barbed filament end or simply bind to free
capper and lead to uncapping by mass action? To
assess the latter possibility, the fraction of free barbed
 .ends in capped seeds relative to uncapped seeds
versus time was plotted for samples with and without
 .100 mM PIP Fig. 7 . Within the 2 min incubation2
period, greater than 90% of the barbed ends in the
capped seeds treated with 100 mM PIP were un-2
capped. An increase of 50% in the number of free
ends could be attributed to severing by PIP , which2
itself would increase the fraction of uncapped ends
from ;0.6 to 0.75. During this same time period,
the fraction of free barbed ends on the capped seeds
 .relative to uncapped seeds incubated without PIP2
only slightly increased. Over the next 15 min, essen-
tially all the barbed ends exposed to PIP were free,2
while a substantial number of filaments remained
capped in the absence of PIP despite prolonged2
incubation at a 1:40 dilution which reduced the
.concentration of free capper to 0.025=K . Whend
contrasted with the time course of uncapping in the
presence of PIP , this observation implied that PIP2 2
must directly facilitate uncapping of the barbed ends.
Can PIP uncap actin filaments in the presence of2
excess capping protein, as found in the cytosol? Fig.
8 demonstrates uncapping, cutting and subsequent
recapping of seeds initially capped by a large excess
of capping protein sufficient to recap ;70% of the
filament ends after a 1:40 dilution. 100 mM PIP2
quickly uncapped nearly all of the capped seeds. New
free barbed ends were generated by the cutting action
of 100 mM PIP , as demonstrated by the gradually2
increasing number of growing ends from the un-
capped seeds treated with PIP . Uncapping occurred2
prior to any significant degree of cutting. Subse-
quently, the newly created free barbed ends were
recapped by the excess capping protein-b , which2
exceeded the capacity of the available PIP . These2
observations were consistent with our hypothesis that
uncapping is mediated through a direct interaction
between PIP and capper on the filament end, and2
implied that PIP might bind preferentially to capping2
protein on the barbed ends.
4. Discussion
4.1. PIP tightly binds capping protein-b in neu-2 2
trophil supernatants and stoichiometrically inhibits
its capping acti˝ity
The capping effects of nanomolar amounts of puri-
fied cap Z can be prevented by less than 10 mM PIP2
w x16 . Quantitatively similar results are seen with puri-
w xfied capping protein-b from human neutrophils 25 .2
In many of our experiments, the capper concentration
w xwas subnanomolar 15 . Much higher ratios of PIP to2
capping protein-b are required to prevent capping2
by neutrophil supernatants. This apparent discrepancy
between the sensitivity of supernatant and purified
capping protein to the effects of PIP may reflect the2
characteristics of the PIP micelles used in our as-2
says. The stacking number in a micelle appears to be
w xa critical variable for PIP action 14,28 . Different2
sonication protocols could produce micelles with dif-
ferent stacking numbers. The higher salt concentra-
tion used during incubation in our assays might have
aggregated micelles, producing fewer micelles with a
higher stacking number. However, the inhibitory ef-
fects of our PIP micelles on the severing of actin2
filaments by purified gelsolin were quantitatively
w xsimilar to those obtained by others 13 .
The capacity of PIP to bind capping protein-b is2 2
considerably less using supernatant than purified cap-
ping proteins. Quantitatively similar results in OG-ex-
w xtracted platelets have been recently published 29 ,
where even after multiple washings, 50 mM PIP was2
still required for maximal release of capping protein.
 .see their Fig. 8d . Other PIP -binding proteins pre-2
 .sent in cell extracts e.g. gelsolin and profilin may
be able to compete successfully with capping protein-
b for PIP in dilute solutions. A peptide fragment2 2
w xcontaining the PIP -binding site in gelsolin 30 elimi-2
nated the thrombin receptor activating protein
 .TRAP -induced increase in the number of barbed
w xends in OG-permeabilized platelets 12 . The addition
of PIP could overcome the effect of this peptide2
fragment. We too could eliminate the inhibition of
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capping by PIP by adding exogenous gelsolin to2
supernatants. Of course, capping protein as it exists
in the cell supernatant may have a lower affinity for
PIP than the purified protein, but these possibilities2
are not mutually exclusive.
Steady state was not reached in our experiments
using ‘low’ concentrations of PIP , apparently be-2
cause of the slow kinetics of PIP binding to capping2
protein-b in dilute solutions. The rate of binding2
could have been diffusion-limited under these cir-
cumstances. On the other hand, the observed slower
kinetics using supernatant relative to purified capping
protein-b may reflect the reduced ‘effective’ con-2
centrations of PIP achieved in the presence of other2
PIP -binding proteins despite the same total concen-2
trations of PIP . We therefore incubated PIP and2 2
supernatant at higher concentrations to reach steady
state more rapidly. Once bound to capping protein,
PIP forms a stable high-affinity complex inhibiting2
its capping activity.
We have interpreted our results as showing that
PIP prevented capping. Alternative explanations for2
why PIP appeared to increase the elongation rate2
from filament seeds other than inhibition of capping
include the release of endogenous G-actin from
monomer binding proteins andror unblocking of nu-
cleation sites in the supernatant. Dissociation of the
nanomolar amounts of G-actin from the monomer
binding proteins present in supernatants at the con-
centrations used in our experiments would not have
perceptibly accelerated elongation. Furthermore, we
have demonstrated that PIP does not derepress oc-2
cult nucleation sites in the supernatant. Although
depolymerization might be accelerated if PIP disso-2
ciated bundling proteins in the supernatant that had
stabilized actin filaments, this mechanism would be
unlikely to confound measurements of elongation
rates.
4.2. PLC can partly re˝erse the inhibition of capping
by PIP2
Although the complex of capping protein-b and2
PIP is stable in a buffer mimicking intracellular2
conditions, it could be at least partially dissociated by
the addition of phosphatidylinositol-specific PLC. The
degree of reversal may have been limited by our
 2q .assay conditions Mg -containing Tris buffer and
the time allowed for PIP hydrolysis. PIP may also2 2
be relatively resistant to hydrolysis by PLC when
bound to capping protein-b , unless PLC is first2
phosphorylated, as has been described for the PIP -2
w xprofilin complex 31 . Finally, PLC would not be
expected to reverse the cutting effect of PIP . Never-2
theless, our results suggest that PIP hydrolysis can2
partially restore the capping activity of supernatants
and therefore the inhibition of capping protein-b by2
PIP does not irreversibly inactivate its capping activ-2
ity.
4.3. High concentrations of PIP may se˝er actin2
filaments
When incubated together at high concentrations,
PIP appears to ‘destabilize’ actin filaments even in2
the absence of supernatant. The subsequent increase
in growing ends could be produced by direct severing
by PIP or an increased fragility of filaments in the2
presence of PIP , although this distinction may be2
more semantic than mechanistic. PIP , irrespective of2
the presence of supernatant, does not nucleate actin
polymerization. The magnitude of filament severing
may depend on the concentrations of both PIP and2
filaments, the filament length distribution and the
duration of the ‘incubation’ period. Incubation of
high concentrations of PIP with monomeric actin2
had no effect on elongation rates, thereby excluding
the possibility that the apparent severing effect of
PIP was actually due to inactivation of capping2
proteins contaminating the actin preparation.
w xThe earlier observations of Hartwig et al. 12 ,
interpreted as uncapping of actin filaments by PIP ,2
should now be reevaluated for the possibility that
cutting had generated some of their observed increase
in free barbed ends. If the ability of PIP to sever2
actin filaments is confirmed, further investigations of
the its role in uncapping barbed ends will require
adequate controls to account for new ends created by
filament severing.
4.4. PIP directly uncaps pre-capped filaments2
In addition to severing and the prevention of cap-
ping by PIP , we have also explicitly shown the2
uncapping of supernatant-capped filament ends by
PIP . A significant amount of capping protein-b2 2
remains bound to barbed ends for greater than 15 min
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after dilution from ;K to 0.025K in the absenced d
of PIP . However, when high concentrations of PIP2 2
are added, capping protein is rapidly and totally
released from filament ends. The time course of
uncapping by PIP , when compared to simple dilu-2
tion, implies that PIP interacts directly with capping2
protein on filament ends, rather than simply seques-
tering free capping protein which then leads to the
release of capping protein from filament ends through
mass action. This mechanism can also explain how
barbed ends can be uncapped by PIP in the presence2
of free capper at a concentration in great excess of its
K . This phenomenology mimics the events occur-d
w xring after cell lysis 15 .
Severing of capped actin filaments by PIP in and2
of itself would reduce the degree of capping by
creating new barbed ends. Thus, an increase in the
number of free barbed ends with PIP in the absence2
of supernatant could lead to an overestimation of the
degree of uncapping of supernatant-capped seeds by
PIP . On the other hand, if the cutting activity of PIP2 2
is reduced by PIP -binding or actin bundling proteins,2
the magnitude of severing might be less in the pres-
ence as opposed to the absence of supernatant. This
situation would lead to an underestimation of the
amount of uncapping. Nevertheless, we observed un-
capping by PIP under conditions when, in the ab-2
sence of supernatant, PIP only resulted in a small2
increment in the number of barbed ends.
Our results contradict other recent work using
w xpurified capping protein 17,32 , where capping pro-
tein could only be slowly removed from barbed ends
 2q .by PIP in a ‘physiological’ i.e. Mg -containing2
buffer at a rate consistent with its k . Likewise,off
purified gelsolin is difficult to remove once tightly
w xbound to the barbed end 13,14,27 . Such differences
may simply reflect the doses of PIP used in the2
different experiments. However, these discordant
findings could also be reconciled if capping protein-b2
exists as a capper complex in cell extracts with an
increased sensitivity to PIP when on the barbed2
ends. Such a complex might include the 70 kDa heat
w xshock cognate protein 33 . Alternatively, PIP may2
require a cofactor present in cell extracts to interact
with capping proteins bound to the barbed ends.
 .Uncapping andror severing of actin filaments has
also been demonstrated in both permeabilized platelets
w xand their sedimented cytoskeletons 12 .
4.5. Biological implications and speculations
High concentrations of PIP which may be gener-2
ated locally at the cell membrane upon stimulation
could prevent the capping of any free barbed filament
ends in the vicinity. However, less than 1 ml of
supernatant from neutrophils lysed at 3 = 108
 .cellsrml containing ;1 nM capping protein-b2
saturated the binding capacity of 10 mM PIP . The2
concentration of capping protein-b in neutrophil2
w xcytosol approximates 1–2 mM 15 . Therefore, the
concentration of PIP necessary to inactivate all cap-2
ping protein-b in the cytosol would be in the mil-2
limolar range. Compartmentalization remains a plau-
sible but unproven mechanism whereby lower con-
centrations of PIP could preferentially bind capping2
protein-b . Alternatively, PIP may be packaged in a2 2
more potent form in vivo than the artificial micelles
created in vitro, so that a lower concentration of PIP2
may be sufficient for inhibiting capping. The affinity
of capping protein-b for PIP may also be regu-2 2
lated.
More importantly, PIP could rapidly uncap barbed2
ends capped by capping protein-b in the resting cell.2
It is possible that PIP may more rapidly sequester2
capping protein-b on the filament end than free2
capping protein. High concentrations of PIP at the2
plasma membrane could selectively uncap and even
sever actin filaments anchored to the plasma mem-
w xbrane 34–37 . Substantial actin polymerization can
occur in the presence of profilin when only a small
w xfraction of barbed ends are uncapped 38–40 . Be-
cause of the slow on-rate of capping protein-b , the2
newly freed barbed ends would not be recapped
quickly by free capping protein even if not bound to
PIP . Thus, perturbation of the plasma membrane by2
chemoattractants and other agonists could lead to the
local production of a high concentration of PIP ,2
uncapping subjacent barbed filament ends which
w xcould then elongate 12 . These same barbed ends
would subsequently be re-capped, perhaps coincident
with the hydrolysis of PIP by phosphorylated PLC,2
allowing the cell to return to its dormant state. Never-
theless, the requirement for such high concentrations
of PIP to effect uncapping in the presence of cell2
extracts may cast some doubt on its physiological
role as a second messenger in cytoskeletal rearrange-
ments.
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Similarly to chemoattractants, intracellular para-
sites, such as Listeria monocytogenes, cause the rapid
polymerization of actin filaments in the host cyto-
w xplasm behind the organism 41,42 . Mutant bacteria
lacking a surface protein rich in polyproline residues
can not form actin tails and move in the cytosol
w x42,43 , suggesting a potential role for this protein in
concentrating profilactin near the bacterial cell mem-
w xbrane 44 . However, this protein does not nucleate
w xactin filament growth 45–49 . The requisite actin
nucleating factor appears to involve an Arp2r3 com-
w xplex of host cell proteins 50 that also binds to
w xprofilin 50,51 . Profilactin requires free barbed ends
w xto fuel elongation 38–40,52 . Given the observations
reported here, PIP , if generated at the external sur-2
face of the bacterial membrane, could selectively
uncap nearby host filaments, thus allowing local
barbed end elongation.
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